The structural gene (glnA) encoding the ammonia-assimilation enzyme glutamine synthetase (GS) has been cloned from the obligate methanotroph Methylococcus cupsulutus (Bath). Complementation of Eschevichia coli glnA mutants was demonstrated. In uitro expression analysis revealed that the clonedglnA gene coded for a polypeptide of apparent M' 60OO0, as determined by PAGE. Expression of the M. cupsulutus (Bath) gInA gene in E. coli was regulated by nitrogen levels in an Ntr+ but not an Ntr-background. The nucleotide sequence of the M. cupsulutus (Bath) glnA gene and flanking sequences was determined. This gene, of 1407 bp, encoded a polypeptide of M, 51 717 containing 468 amino acids. The 5' leader region contained three putative promoters. Promoters P1 and P3 resembled the canonical -10 -35 E. coli-type promoter. Promoter Pz, which was located between PI and P3, resembled the NtrA-dependent promoters of enteric organisms. A potential NtrC-binding site was also determined, flanking the Pribnow box at P1. Comparisons of nucleotide-derived amino acid sequences of GS enzymes from prokaryotes and eukaryotes with GS from M. cupsulutus are made. 0001-5775 (X> 1990 SGM Downloaded from www.microbiologyresearch.org by
Introduction
Methylococcus capsulatus (Bath) belongs to a unique group of organisms that utilize methane as their sole source of carbon and energy. These methane-oxidizing bacteria (methanotrophs) have attracted considerable commercial interest due to their potential to produce both high-value, low-volume chemicals and also bulk chemicals such as propylene oxide, via the catalytic versatility of the methane mono-oxygenase enzyme.
The physiology and biochemistry of methanotrophs has been well studied over the past 10 years. The enzyme complex responsible for methane oxidation is well characterized (Anthony, 1986) and the pathways of ammonia assimilation and nitrogen fixation have also been studied in detail (Murrell & Dalton, 1983a, b; Murrell, 1988) . However, the development and application of molecular biology and genetics to this group of organisms has largely been neglected due to their limited metabolic capabilities (i.e. they only grow on methane) Abbreviations: GS, glutamine synthetase; ORF, open reading frame; SD sequence, Shine-Dalgarno sequence.
The nucleotide sequence data reported in this paper have been submitted to GenBank and have been assigned the accession number M28472.
and their relatively long generation times (see . Perhaps the most difficult problem in developing genetics in this group of organisms, concerns mutant isolation. Harwood et al. (1972) and Williams et al. (1977) did a number of experiments using a variety of chemical and physical mutagens e.g. UV light, nitrosoguanidine and y-irradiation, none of which increased the frequency of spontaneous mutation. To bypass some of these problems inherent in using classical genetic techniques, took a recombinant DNA approach to genetic studies of methanotrophs and were successful in isolating transposon mutants of the nifregion of Methylosinus strain 6 by a single-step marker-exchange technique (Ruvkun & Ausubel, 198 1) .
The current study was initiated to develop techniques of genetic manipulation in the methanotrophs and to use ammonia assimilation as a model system since the physiology, biochemistry and genetics of ammonia assimilation have been extensively studied in the Enterobacteriaceae (for reviews see Reitzer & Magasanik, 1987; Merrick, 1988) . M . capsulatus (Bath) is the organism of choice as the physiology and biochemistry of ammonia assimilation are well characterized in this organism (Murrell & Dalton, 1983 b) . relevant DNA fragments (described above) was effected by electroelution from agarose gels. The resulting purified fragments were then labelled separately by nick translation using [32P]dCTP [Amersham ; specific activity 3000 Ci mmol-l (1 11 TBq mmol-l)] at a concentration of 10 pCi p1-l (370 kBq p1-l).
Hybridization. Hybridization and stringency wash conditions of nitrocellulose filters from either Southern or colony blots of M . capsulatus (Bath) DNA have been described previously (Oakley & Murrell, 1988) . Initial stringency washes in this study were carried out in 2 X SSC (1 x SSC is 0.15 M-NaC1, 0.015 M-trisodium citrate, pH 7.0) at 70 "C, conditions under which it is estimated that greater than 55% homology between the probe (the Anabaena 7120 or K . pneumoniae probe) and its target sequence in M. capsulatus (Bath) DNA is required for continued hybridization.
DNA sequencing. The dideoxynucleotide chain-termination method of Sanger et al. (1977) was employed. The sequencing strategy was based on a detailed restriction map of the 2.4 kb Sad-ClaI fragment of pDCl (see Fig. 3 ). Defined restriction fragments cloned into bacteriophage M13 tg130 and tg131 vectors (Kieny et al., 1983) were sequenced by this method. Sequencing templates and buffer gradient gels were prepared as described by Bankier et al. (1986) . Dideoxy sequencing reactions were carried out essentially as described in the Bethesda Research Laboratories M 13 cloning/dideoxy sequencing manual. Adenosine 5'-or-[35S]thiotriphosphate ( Expression studies. Plasmid-encoded proteins were identified using the 'maxicell' system of Sancar et af. (1979) . A prokaryotic-DNAdirected in ivitro transcription-translation kit (N380 Amersham) was used according to the manufacturer's recommendations, using [35S]methionine as the labelled amino acid.
Enzyme assays. Cell-free extracts of E. coli and M. capsulatus were prepared using the method of Murrell & Dalton (1983~) . Protein concentrations in extracts were estimated by the Lowry method. Glutamine synthetase activity was measured by the y-glutamyl transferase assay of Bender et al. (1977) as modified by Murrell & Dalton (1983~) . Assays were done at 37 "C or 45 "C. Activity staining of GS in polyacrylamide gels was by the method of Kleinschmidt & Kleiner (1978) . All activities reported are the mean of at least three separate determinations.
Results

Heterologous hybridization with the Anabaena 7120 and Klebsiella pneurnoniae glnA gene probes
In order to determine the presence of a glnA homologue in the M . capsulatus (Bath) chromosome, heterologous hybridization was done with glnA gene probes from Anabaenu 7120 and Klebsiella pneurnoniae (see Fig. 1 ).
Southern flters containing M. capsulatus (Bath) chromosomal DNA digested with a number of restriction enzymes were probed with the Anabaena 7120 and K . pneurnoniae glnA gene probes as described in Methods. The Anubaena 7120 glnA gene probe exhibited no detectable homology with any M. capsulatus (Bath) DNA sequences even at very low stringency conditions (< 30%; data not presented). The K . pneurnoniae glnA gene probe, however, exhibited very strong homology (estimated to be greater than approximately 65%) to specific 121. capsulatus (Bath) DNA sequences (Fig. 2) .
The unique M. capsulatus (Bath) 5.2 kb EcoRI fragment exhibiting homology with the K . pneumoniae glnA gene probe was selected for study. 
Cloning ofthe M . capsulatus (Bath) glnA gene in E. coli
Restriction endonuclease mapping of the cloned M . capsulatus (Bath) DNA fragment
The restriction endonuclease map of pDC1 ( Fig. 3) was obtained by complete single or double digestions with a variety of restriction endonucleases. Localization of the glnA gene region in pDC 1 was achieved by heterologous hybridization studies of various restriction endonuclease digestions of pDC 1 probed with the K. pneumoniae glnA gene probe (data not presented).
Complementation analysis
E. coli glutamine auxotrophs TH16 (glnA : : Tn5) and ET8894 A(g1nA-ntrC) were each transformed with the recombinant plasmids pDC 1 and (as control) pBR325. Glutamine-independent transformants were selected on M9 glucose minimal medium containing 0.1% (w/v) NH4Cl as sole nitrogen source, plus ampicillin and tetracycline. Approximately equal numbers of GlnA+ and ampicillin-resistant, tetracycline-resistant transformants were obtained on minimal medium and LB agar containing the antibiotics when the recombinant pDC1 was used to transform competent cells of the E. coli glnA strains, TH 16 and ET8894. However, no transformants were isolated on minimal medium containing ampicillin and tetracycline when pBR325 was used to transform the E. coli glnA strains, TH16 and ET8894. This indicated that complementation of the glnA lesions present in these mutants was due to an intact and functional M. capsulatus (Bath) glnA structural gene, located within the 5.2 kb EcoRI M. capsulatus (Bath) DNA fragment of pDC1.
The 5.2 kb EcoRI insert of pDC1 was also recloned in the opposite orientation in pBR325. The resultant plasmid, designated pDC2, was subsequently shown to complement the glnA lesions in TH16 and ET8984. Therefore, expression of the M. capsulatus (Bath) glnA gene occurs from its own regulatory region within the cloned EcoRI DNA fragment.
Enzyme activities of the cloned M . capsulatus (Bath) glnA gene product in E. coli glnA (ntr+ and ntr-) strains
GS activity was assayed by the Mn2+-dependent yglutamyl transferase assay in cell-free extracts obtained from exponential growth phase E. coli TH16 (glnA ntr+), ET8894 (glnA ntr) and ET8000 (glnA+ ntr+) cells, and also mutants TH16 and ET8894 harbouring either pDC1 or pDC2. GS activity could not be detected in either TH 16 or ET8894, but significant activities were detected in ET8000 and strains harbouring pDC1 or pDC2 (see Table 2 ). GS assays were carried out at 37°C (E. coli optimum growth temperature) and at 45 "C (M. capsulatus (Bath) optimum growth temperature).
The effect of nitrogen starvation on the expression of the cloned M. capsulatus (Bath) GS activity in E. coli was determined by comparing GS activity from cells grown under nitrogen-excess (1 5 mM-glutamine) or nitrogenlimiting conditions (0-15 mM-glutamine) ( Table 2) . GS activity in ET8000 was repressed by excess nitrogen and was induced under conditions of nitrogen limitation. Although the cloned M. capsulatus (Bath) glnA gene in TH 16 produced high levels of GS activity in the presence of excess nitrogen, pDCl-encoded GS activity was * GS specific activity is expressed as pmol y-glutamylhydroxamate min-' (mg protein-').
7 Growth medium was glucose M9 minimal medium containing 15 mwglutamate plus glutamine at the concentration indicated.
The effect of temperature on GS specific activity as measured by the y-glutamyl transferase assay showed that GS specific activity encoded by the recombinant plasmids pDC1 and pDC2 was higher at 45 "C, whereas the chromosomally encoded GS of ET8000 showed higher activity at 37 "C. These results parallel the optimum growth temperatures of the organisms from which the GS structural gene originated.
The activity of the cloned M. capsulatus (Bath) glnA gene product was also demonstrated in 5% (w/v) nondenaturing polyacrylamide tube gels using the y-glutamyl transferase activity stain (data not presented). increased approximately 16-fold when cells were shifted to nitrogen-limiting conditions and high levels of GS activity were obtained. Conversely, pDC2-encoded GS activity was extremely high in either strain under both nitrogen-limi t ing and ni trogen-excess conditions. GS specific activity in the cells complemented by the M . capsulatus (Bath)glnA gene encoded by pDC2 may be due to unregulated overexpression of this gene, caused by read-through from the constitutive chloramphenicol acetyltransferase promoter in the vector pBR325. The E. coZi (gZnA-ntrC) deletion mutant ET8894 harbouring pDC1 produced low levels of GS-specific activity irrespective of the nitrogen status.
ZdentiJication of the cloned M. capsulatus (Bath) glnA gene product
In order to identify the polypeptides encoded by pDC1 and to allocate one of these to the gZnA gene, polypeptides synthesized by pDC1 and pDC2 were studied in an in vitro coupled transcription-translation system (see Met hods).
Following the in vitro transcription-translation reactions, the resulting proteins were electrophoresed on a 10% (w/v) SDS denaturing polyacrylamide gel and fluorographed (Fig. 4) . The plasmids pDC1 and pDC2 directed the in vitro synthesis of a major polypeptide of M, 60000 as well as vector-encoded polypeptides. In addition, pDC2 also directed the synthesis in vitro of a major polypeptide of M , 42000. This polypeptide is unique to pDC2 and may be the result of a fusion between part of a vector gene and a gene carried on the cloned fragment. The M, 60000 polypeptide encoded by pDC1 and pDC2 has an identical M, to the reported M. capsulatus (Bath) GS monomer as identified by SDS-PAGE of the purified M. capsulatus (Bath) GS (Murrell & Dalton, 1983 c) . The M, 60000 polypeptide encoded by these plasmids is thus proposed to be the product of the M. capsulatus (Bath) glnA structural gene.
Identification of polypeptides encoded by pDC 1 and pDC2 has also been carried out in vivo using the E. coli maxicell system (Sancar et al., 1979 ) (data not presented). The results obtained using this system were identical to those obtained using the in vitro system.
Nucleotide sequence of the M. capsulatus (Bath) glnA structural gene
The sequencing strategy adopted is outlined in Fig. 3 ; 2463 bp of M. capsulatus (Bath) DNA containing the glnA gene was sequenced (Fig. 5 ). The DNA sequence revealed an open reading frame (ORF) of 1407 bp initiating at nucleotide 503 and terminating at nucleotide 1909. The ORF was preceded by a Shine-Dalgarno (SD) sequence (Shine & Dalgarno, 1976 ) (AGGAGGA) 10 bp upstream from the presumptive start codon (ATG). This ORF encoded a polypeptide of 468 amino acid residues with a predicted M , of 51 717, the M. capsulatus (Bath) GS enzyme subunit.
M. capsulatus (Bath) glnA gene transcription control region
In the Enterobacteriaceae, transcription of the glnA gene can occur from one of two functional promoters (Dixon, 1984; Reitzer & Magasanik, 1985; Kustu et al., 1986) . The upstream promoter (glnAp 1) resembles the canonical -35 and -10 promoter whilst the downstream promoter (glnAp2) resembles the NtrA-dependent promoters with conserved residues at -24 and -12 with respect to the transcription start site.
In the M. capsulatus (Bath) glnA leader region, both types of promoter element were detected. Two putative glnApl-type promoters (PI and P3) were located on either side of a glnAp2-type promoter element (P2). The nucleotide sequences of the three putative M. capsulatus (Bath) glnA promoters are indicated in Fig. 5 .
The M. capsulatus (Bath) glnA gene leader region also contained a single region of dyad symmetry at nucleotide positions 361 to 378 with an 11 bp out of 15 bp match to the consensus sequence for the binding of the ntrC gene product TGCACTA-N,-TGGTGCAA proposed by Dixon (1 984).
Downstream region of the M. capsulatus (Bath) g h A gene
In enteric bacteria, glnA mRNA transcription is terminated at a characteristic rho-independent terminator A comparison of the several nucleotide-derived GS amino acid sequences with the M. capsulatus sequence revealed regions of conservation in the GS enzyme monomer, including the site of GS adenylylation at the tyrosine residue of position 393 (Table 3) .
The second region of interest in the GS polypeptide of M . capsulatus, located from amino acid residues 269 to Table 3 . Comparison of amino acid sequences around the peptide MHCHM, constituting part of the G S active site (the oxidizable histidine, A, at residues 271) and around the site of G S adenylylation (tyrosine, f, at residue 399) with published prokaryote G S sequences Amino acids are represented by the single-letter code, and the positions of the amino acid residues in the GS enzymes are indicated. Numbering of residues begins with the start methionine at the N-teminal end. 
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~~ CGGTCTCGGACCAGGCGGGTCTCCCATCGGCCTGA~CTGGAG~GGACGCGAGGCCGACGGCAGCGAGAGCC 2240 273, exhibits reasonably good homology with the corresponding region of E. coli GS, containing an oxidizable histidine residue, thought to form part of the cation-binding site of this enzyme (Table 3) . It has been proposed that this histidine residue constitutes part of the active site of GS (Farber & Levine, 1986; . A comparison of eukaryotic and prokaryotic GS enzymes previously carried out by Rawlings et al. (1987) and Janssen et al. (1988) showed that although the amino acid homology between the GS enzymes was only approximately 15%, the major part of this homology occurred in five regions. Using their published prokaryotic/eukaryotic GS amino acid sequence comparison as a basis, the amino acid sequences of the following GS enzymes were compared : Phaseolus vulgaris, c hinese hamster, alfalfa, Bradyrhizobium japonicum, E. coli,  Anabaena 7 120, T. ferrooxidans, S. typhimurium, C. acetobutylicum, A . brasilense, S. coelicolor and M . capsulatus (Bath). This comparison revealed that the five regions of homology in the GS polypeptide are highly conserved in both prokaryotic and eukaryotic enzymes from a number of organisms and that the GS enzyme of M. capsulatus (Bath) also exhibits this conservation of sequence (Cardy, 1989) .
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Discussion
Heterologous hybridization studies carried out using a cloned Anabaena 7120 glnA gene probe indicated a lack of detectable homology to any M. capsulatus (Bath) sequences. However, subsequent sequencing of the M. capsulatus (Bath) glnA structural gene, identified using a Klebsiella gZnA probe, revealed a 59% similarity at the nucleotide level with the Anabaena 7120 glnA gene. Similar phenomena have been observed in hybridization studies with E. coli glnA and either T. ferrooxidans (Barros et al., 1985) or C. acetobutylicurn (Usdin et al., 1986) glnA genes. A degree of caution is therefore required when interpreting negative results from hybridization analysis.
It has recently been reported that methanol dehydrogenase genes from obligate methanotrophs have been expressed in a facultative methylotroph and that methanol dehydrogenase was expressed in E. coli using the T7 expression vector pTZ18R. However, it was not possible to confirm the presence of active methanol dehydrogenase in E. coli extracts (Stephens et al., 1988) . In this study, the M. capsulatus (Bath) DNA fragment cloned in pDC1 complemented the glnA lesions present in E. coli TH16 and ET8894. This is the first report, to our knowledge, of the expression of an obligate methano-. troph gene producing active protein in E. coli. The expression of the M. capsulatus (Bath) glnA was shown to occur from its own control region and was subject to nitrogen regulation in Ntr+ E. coli. Under conditions of nitrogen limitation, when pDC 1 was directing synthesis, there was an approximately 16-fold increase in GS activity and very high levels of GS activity were produced. When pDC1 was placed in an Ntr-E. coli strain (ET8894), unregulated, low levels of GS specific activity were observed, irrespective of the nitrogen status. The unregulated, low GS activity in this strain background may be due to the presence of two types of promoter element upstream of glnA, as found in at least three genera of the family Enterobacteriaceae, in which the upstream promoter (glnAp 1) is negatively regulated and the downstream promoter (glnAp2) is positively regulated by the products of the ntr system (Dixon, 1984; Reitzer & Magasanik, 1985) .
Unregulated, low-level expression of the M. capsulatus (Bath) glnA gene in ET8894 (from pDCl), together with the inability to complement the Ntr-phenotype of this strain, indicates that there is no functional regulatory region downstream of gZnA in this recombinant and that regulation of M. capsulatus (Bath) glnA in TH16 is due to a functional E. coli ntr system.
The expression in E. coli of the M . capsulatus (Bath) glnA gene was regulated by nitrogen levels in an Ntr+ but not an Ntr-background. This suggests that a similar or analogous Ntr system may be present in M. capsulatus (Bath) . Previous studies with M. capsulatus (Bath) by Murrell & Dalton (1983b) showed that GS specific activity as measured by the y-glutamyl transferase assay, was repressed in nitrogen-excess conditions but increased sixfold under nitrogen-limiting conditions. The increase in the amount of total GS protein under nitrogen-limiting conditions must therefore be regulated at the level of expression, possibly by a system analogous to the Ntr system of the Enterobacteriaceae (reviewed in Merrick, 1988) . Heterologous hybridization studies using K. pneumoniae and Azotobacter vinelandii ntr gene probes have identified homologues in the M. capsulatus (Bath) genome (data not presented), lending further support to this theory.
DNA sequencing of M. capsulatus (Bath) glnA revealed that the gene coded for a 468-amino-acid polypeptide of M , 5 1 7 17. This is lower than the apparent M, of 60000 estimated by PAGE of the M. capsulatus (Bath) GS polypeptide reported by Murrell & Dalton (1983c) , a value also observed on polyacrylamide gels from in vitro transcription-translation experiments with the plasmids pDC1 and pDC2. However, as the native M , of Methylococcus GS has previously been estimated to be 617000 (Murrell & Dalton, 1983c) , this suggests a dodecameric structure for the M. capsulatus (Bath) GS enzyme as found for most other prokaryotic GS enzymes.
The amino acid sequence comparisons of M. capsulatus (Bath) GS with other published GS sequences showed that it had the same five highly conserved amino acid regions within its primary sequence, suggesting that the active site of this enzyme is similar to other dodecameric GS enzymes (Rawlings et al., 1987; Almassy et al., 1986) .
Analysis of the upstream region of the M. capsulatus (Bath) glnA coding region revealed three putative promoter elements (Fig. 4) . The putative P1 and P3 promoter elements are similar to the classic -10 and -35 RNA polymerase-binding consensus sequences. The third putative promoter, P,, was located between P1 and P3. 'This resembles the NtrA-dependent consensus GG-Nlo-GC between -24 and -12 (Dixon, 1984) . In addition, a clearly identifiable NtrC-binding site, with an 11 out of 15 nucleotide match to the consensus NtrCbinding sequence (Dixon, 1984) , was located 12 bp upstream of P2 in the M. capsulatus (Bath) glnA gene leader region.
In E. coli, K. pneurnoniae and S. typhirnuriurn the expression of glnA is regulated by a pair of tandem promoters (Dixon, 1984; Reitzer & Magasanik, 1985 ; Kustu et al., 1986) . In E. coZigZnApl (promoter with the -35 -10 RNA polymerase binding consensus sequence) lies approximately 100 bp upstream of the NtrAdependent promoter, glnAp2 (Reitzer & Magasanik, 1985) . In M. capsulatus (Bath), the glnA gene leader region contains two types of promoter element, P1 and P, similar toglnApl and P, similar to glnAp2. However, the relative positions of these promoter elements differ from the glnA gene leader regions of the enteric bacteria. In these bacteria, the Pribnow box of glnApl is flanked by an NtrC-binding site, which is responsible for the repression of glnAp 1 during growth in nitrogen-limiting conditions (Dixon, 1984; Reitzer & Magasanik, 1985 ; Kustu el al., 1986) . The glnA gene leader region of T. ferrooxidans has a glnAp 1 -type promoter but no glnAp2type promoter. However, the Pribnow box of this glnApl-type promoter is also flanked by an NtrCbinding site as found in the enteric organisms studied (Rawlings et al., 1987) . The putative NtrC-binding site within the M. capsulatus (Bath) glnA gene leader region flanks the Pribnow box of the glnApl-type promoter P,, which may act to repress expression from this promoter during growth in nitrogen-limiting conditions. In enteric organisms, two high-affinity NtrC-binding sites lie > 100 bp upstream of glnAp2 such that, during nitrogenlimiting conditions, NtrC-P binds to these sites and activates transcription from glnAp2. This activation is thought to occur by a looping of the intervening DNA between the binding sites and glnAp2 such that NtrC-P and oS4 RNA polymerase are in close proximity (reviewed in Dixon, 1988) . In M. capsulatus (Bath), the putative NtrC-binding site is located within one turn of the helix to the glnAp2-type promoter, P,. In this position, activation of P2 by NtrC-P would not require a looping of the intervening DNA during nitrogen-limited growth. The activation of P2 in M. capsulatus (Bath) would be different from any other system thus far studied and therefore requires further analysis.
Expression analysis of the cloned M. capsulatus (Bath) gZnA gene in E. coli Ntr+ and Ntr-strains indicated that an Ntr+ phenotype was required for its regulation under different conditions of nitrogen availability. The data presented here suggest that the presence of the putative promoters, PI, P2 and P3, and a putative NtrC-binding site, effects regulation of glnA in M. capsulatus (Bath) via an Ntr system analogous to that found in enteric bacteria. Preliminary heterologous hybridization studies have revealed the presence of ntr gene homologues in the M. capsulatus (Bath) genome (data not presented), thereby giving increased support to the idea of the presence of an analogous nitrogen regulatory system in M. capsulatus (Bath). This work was funded by an SERC studentship to D. L. N. C.
